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Introduction
Invasive intracranial pressure (ICP) monitoring is desirable as a first-line measure to assist decision-making in cases of increased ICP, for those with a Glasgow coma scale (GCS) score < 8, and for those who need aggressive medical care 1 . Although the most accurate method is invasive monitoring, non-invasive ICP monitoring is also required to avoid infection and hemorrhaging under clinical conditions 2 .
Non-invasive ICP estimation would act as an aid for specific patients requiring invasive monitoring. For traumatic-brain-injury (TBI) patients, an ICP of less than 20−25 mmHg should be maintained 3 , with intensive care unit management for 7 days or more.
However, if invasive ICP monitoring is prolonged for more than 5 days, infectious conditions develop in 85% of TBI patients 2 . Further, non-invasive monitoring may assist proper management of coagulopathy patients for whom invasive ICP measurement is not immediately available because the hemorrhagic risk is too high 4 .
Therefore, as an alternative to invasive ICP monitoring, non-invasive ICP monitoring devices that can accurately and continuously estimate ICP should be developed. Various methods of non-invasive ICP estimation have been studied to date, being based on measurement of related physiological variables such as the optic nerve sheath diameter 5 , phase-contrast magnetic resonance imaging of the blood and cerebrospinal fluid (CSF) flow 6 , electroenchephalogram signals of the visual evoked potentials 7 , and measurement of the tympanic membrane displacement 8 . However, these non-invasive methods require calibration for ICP estimation and cannot monitor ICP continuously.
For real-time ICP estimation, correlations between the ICP and Q CBFv using transcranial Doppler ultrasonography (TCD) have been reported. The pulsality index (PI) method is implemented through calculation based on the Q CBFv , and is highly correlated with the ICP 9, 10 . However, there is still debate as to whether the PI method is clinically applicable [11] [12] [13] .
In many proposed methods, a mathematical model is used to estimate ICP. Hemo-and hydro-dynamic models concerning the cerebrospinal fluid (CSF) flow dynamics were previously proposed by Ursino and Lodi, with the interaction between the cerebral blood volume, cerebral autoregulation, and ICP then being confirmed by the simple Ursino model [14] [15] [16] . Although this model describes cerebral autoregulation effectively, it is difficult to estimate the ICP because complex mathematical formulas are involved. Therefore, to estimate ICP, Kashif et al. 17 have incorporated the Q CBFv and P a in a physiological model of cerebrovascular dynamics. This approach not only reflects the autoregulation mechanism, but also exhibits good performance as regards ICP estimation. However, it is inappropriate to replace the Q CBF with Q CBFv (the mean Q CBFv is 80 cm/s and Q CBF is 11.67 ml/s). Moreover, this method is unsuitable for detection of suddenly changing ICP levels, as it employs a long time window (60 s) for ICP estimation.
To overcome the limitations of the above methods, we previously proposed a simplified intracranial hemo-and hydro-dynamics model incorporating only resistance (R) terms and using Q CBFv and P a , called the simple resistance (SR) model 18 . However, although the SR model has the advantage of detecting sudden changes in ICP, it has not been established for cerebral autoregulation 18 . Therefore, in this paper, we propose a novel state-space model-based method to estimate ICP considering cerebral autoregulation in real time, called direct current (DC)-ICP.
Non-invasively estimated ICP, which is calculated using the DC-ICP state-space model, and invasively measured ICP are compared using clinical data acquired from patients in a neurointensive care unit (NCU).
Results
The mean and standard deviation of the invasive ICP and Q CBFv values were 19.55 ± 4.27 (mmHg) and 49.45 ± 21.83 (cm/s), respectively. The invasive ICP waveform was recorded using an intraventricular probe (see Methods). Each patient's P a waveform was also recorded simultaneously through arterial catheterization, and the Q CBFv was recorded using TCD of the middle cerebral artery (MCA) (Fig. 1 ). The intracranial states, i.e., Q CBF , P c , and arterial resistance (R a ), were estimated using measured variables, i.e., the Q CBFv and P a (Fig.   1 ).
Figure 2 shows a comparison of the true ICP and the non-invasively estimated ICPs
given by the different methods. The PI method 9,10 cannot track changes in the actual ICP. 17 reflects the true ICP trend well, but is sometimes unstable. Our DC-ICP method not only tracks the true ICP changes, but also exhibits excellent stability (Fig. 2 ). 
Kashif et al.'s method

Discussion
In this study, we suggest a novel algorithm for model-based non-invasive estimation of intracranial states such as P c , Q CBF , and the ICP. Because of its non-invasive nature, TCD has been widely used to detect changes in cerebral blood flow of patients in NCU, to assess cerebral vasospasms, circulatory disorders, and other brain injuries 9, [19] [20] [21] [22] . A Q CBFv can be measured using TCD, from which systolic and end-diastolic flow rates can be obtained. Routinely, the mean flow velocity, resistance index, and PI have been derived from the measured waveform result.
Various studies have been performed to noninvasively estimate ICP using these TCD measurements 9, 11, 12, [23] [24] [25] . Continuous decreases in the mean flow velocity and end diastolic velocity with rising ICP, as well as a rise in the resistance index, have been reported 23, 24 .
Some researchers have reported that the PI is also associated with the ICP 9,25 . However, in patients undergoing lumbar shunt insertion, lumbar infusion tests performed to determine changes in ICP revealed no relationship between the PI and ICP 11 . In addition, the PI tends to be less correlated with the ICP when the ICP rises 12 . As suddenly increasing ICP does not affect the Q CBFv waveform, the PI-based approach cannot detect sudden development of intracranial hypertension and does not reflect cerebral autoregulation. In our study, we observed a trend consistent with these previous findings. For clinical data, ICP estimation using PI was compared with the actual ICP. However, the ability to predict increased ICP was poor (correlation coefficient: 0.43; AUC for prediction of ICP ≥ 20 mmHg: 0.55).
Therefore, use of PI to estimate ICP is inaccurate.
Recently, a method of estimating ICP by measuring the arterial pulsation of the intraand extra-cranial segments of the ophthalmic artery using two-depth Doppler was introduced 26, 27 . The correlation coefficient between invasive and non-invasive ICP measurements was 0.74. The sensitivity, specificity, and AUC for ICP > 20 mmHg were 0.72, 0.77, and 0.71, respectively. The disadvantage of this method is that it is difficult to monitor the ICP continuously for a long time. Further, the measurement is unreliable in cases involving eye problems such as glaucoma, or compartment status with various causes. In addition, for this type of ICP measurement, the clinician must purchase specific equipment and cannot use conventional TCD. of artery. However, the adaptation algorithm depends on the waveform morphology instead of the physiological mechanism. In that context, Q CBF is substituted for Q CBFv , which is inappropriate (the mean Q CBFv is 80 cm/s and Q CBF is 11.67 ml/s). The most prominent disadvantage is that it is difficult to track clinically rapid ICP changes using this approach, because a long time window is essential (60 s).
In a previous study, we proposed a new algorithm, the SR model, to overcome this problem 18 . As the ICP to be estimated is the DC level of the pressure and not the AC fluctuation, we removed the AC component of the measured signals (P a , Q CBFv ) in the signal preprocessing step through the low-pass filter. Consequently, the C term of the Ursino model was removed. Then, the ICP could be estimated using a simple equation with good performance. However, a limit existed in that simulation-based validation is performed without validation through actual clinical data available at that time. In addition, there is no adaptation algorithm for R a selection, unlike the Kashif et al. method, which is controlled through autoregulation 36 . Therefore, in this study, we devised an algorithm that reflects the autoregulation model to automatically estimate R a . This algorithm was then validated using clinical data. Third, Q CBFv and P a should be measured simultaneously for ICP estimation. However, most patients who require our algorithm are A-line monitored, and Q CBFv is a commonly measured value in NCU employing TCD. Fourth, as the venous sinus pressure is set to constant, errors may occur depending on the volumetric status of the patient. In this work, we considered the intake/output balance to maintain the patients' euvolemic status as much as possible.
Outlook
Invasive ICP monitoring is fundamentally important and must be performed in patients who are eligible for external ventricular drain insertion, because ICP regulation via CSF drainage as well as monitoring can be applied. However, there are certain clinical situations in which invasive ICP monitoring is not possible. Therefore, our ICP estimation algorithm based on the intracranial state-space model is expected to provide valuable information under clinical conditions in specific situations.
METHODS
Data Acquisition
This is a two-center (Gangnam Severance Hospital and Cheju Halla Hospital), prospective observational study conducted from 6 July 2017 to 1 March 2018. 10 patients with a mean age of 57 years were admitted to the respective NCUs with TBIs and required invasive neurosurgical monitoring ( Table 1 ). In total, 15329 s of data were collected, with 1 s being defined as an epoch for estimation. Based on the correlation between our model and that of Kashif et al. 17 , we constructed 255 epochs based on 60 s. All patients were aged 18−70 years and had suffered a TBI with intracranial hemorrhage (ICH). They required clinically invasive ICP monitoring and TCD. For each patient, the following characteristics were collected: GCS at admission, age, sex, height, weight, brain injury mechanism, and Glasgow Outcome Scale (GOS) score at discharge. The patients' representatives gave informed consent. The institutional review boards of the Yonsei University Gangnam Severance Hospital, Cheju Halla General Hospital, and Gwangju Institute of Science and Technology approved our study, respectively.
Intracranial pressure and cerebral blood flow velocity measurement protocol
The ICP was measured invasively via a catheter inserted into the brain ventricles and connected to an external pressure transducer and drainage system (Codman, Johnson & Johnson, Raynham, Massachusetts, US). The ICP was recorded by an assisting nurse. Q CBFv measurement was performed using TCD. The examiner performing this measurement was blind to the ICP monitoring results. TCD was performed on the MCA through a temporal window using a traditional 2-MHz transducer (Ez Dop; DWL, Singen, Germany) with the head elevated to 30° (Fig. 6 ).
Existing models modified from original Ursino model
Simplification of original Ursino model: SR model
The original Ursino model [14] [15] [16] is an intracranial hemo-and hydro-dynamic model expressed using both resistance (R) and compliance (C) terms. As the C term has infinite impedance with DC input, all C terms of the original Ursino model can be cancelled when the input has a DC trend only. This simplified result is the SR model 18 (Fig. 7) . The ICP can be estimated using simple equations based on the SR model, as follows:
where P a , P c , ICP, and P vs are the arterial, capillary, intracranial, and sinus venous pressures, respectively; Q CBF represents the CBF; and R a , R o , and R f are the mean arterial, CSF formation, and CSF outflow resistances, respectively. All pressures and flow have DC trends, and a DC trend input (P a and Q CBF ) can be simply implemented through low pass filtering (~0.5 Hz).
Kashif et al. model
The Kashif et al. model 17 has two components ( Fig. 7) , C and R, and their estimates ‫ܥ(‬ መ and ܴ ) are calculated as follows:
where t b and t e are the time instants of the beginning and end of the systolic upstroke in P a (t);
and t 1 and t 2 are time instants near the local minimum and maximum of P a (t). The noninvasive ICP is given by
State-Space Model-based ICP Estimation
Cerebral auto-regulation model: arterial resistance and its cross-sectional area
Although R a is regulated, it is fixed at 6 (mmHg s/ml) in the SR model 18 . Thus, an autoregulation model for R a must be applied. An autoregulation device (ARD) 37 is an arterial resistance model for autoregulation, which is expressed as follows:
R ARD = 47.4 -0.0654 × P P + 22000000/P P 4 + 18sin(2πP P /252.6 + 3.68) (3)
where P P is the cerebral perfusion pressure. Here, R a corresponds to part of R ARD and their units are different (R ARD : mmHg·0.1 kg·60 s/mL, R a : mmHg·s/mL). Therefore, to match the unit scales of R ARD and R a , we approximate R a by dividing R ARD by 6.
Knowledge of the arterial cross-sectional area A a is important, because it is related to the unobservable Q CBF , where
Note that A a can be derived from the given R a using Poiseuille's law:
A a = (c/R a ) 1/2 (7)
where μ , L, and r represent the viscosity, length, and radius of the vessel, respectively. In this study, we assumed constant μ and L for simplicity. Note that the A a of equation (5) is not precisely identical to that of equation (7), because the Q CBFv of equation (5) is measured from just one location on the arteries (e.g., the MCA), whereas the A a of equation (7) represents the overall arterial cross-sectional area. However, as these two values are correlated, we assumed that the MCA cross-sectional area was equivalent to that for the overall arteries in this work.
State estimation using unscented Kalman filter (UKF): DC-ICP algorithm
From equations (1)−(8), we constructed a state-space model to estimate the intracranial states, which is expressed as follows:
where x n = [Q CBF P c ICP R a ] T , u n = P a , and z n = Q CBFv . Here, x n , u n , z n , w n , and v n indicate the state, input, observation, system noise, and measurement noise, respectively. Note that g(x n , u n ) is composed of equations (1)−(4), and h(x n ) comprises equations (5) and (7) .
To estimate the intracranial state x n from the given state-space model, we adopted an optimal state estimation technique, which estimates a hidden state based on a state-space model 38 . In this study, we utilized an unscented Kalman filter (UKF), as this technique provides one of best solutions for a nonlinear state estimation. Note that we refer to the proposed method as the DC-ICP because it is focused on the ICP direct current (DC).
Algorithm Validation in TBI Patients
To validate the proposed DC-ICP algorithm, we compared it with previously reported methods; namely, the Kashif et al. 17 and PI 9,10 methods. The PI method estimates the ICP from linear regression of the PI as follows:
where a and b are regression coefficients. As estimates given by the PI method have several estimation biases, we performed additional calibration with offset value.
Statistical analysis
ICP values measured using the invasive manner were compared with non-invasive ICP values estimated by our proposed, the Kashif et al. 17 Table. 1 
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